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Land subsidence rates in Mexico City reach 500 mm/year, causing progressive damage to the city’s
core infrastructure, including the Metro system. A deadly overpass collapse in 2021, along a Metro

line that had operated for less than 10 years, brought subsidence-related structural damage to

the attention of the system’s authorities and led to major repairs to two of the twelve Metro lines.
Still, the need for quantifying the magnitude and extent of subsidence affecting the Metro system’s
widespread infrastructure prevails. Using a wealth of satellite radar interferometry observations,
levelling surveys, subsurface profiles, linear gradient and differential displacement analyses, and
structural-engineering parameters, we assess the vulnerability of the Metro system’s street-level and
elevated segments to land subsidence. Our results reveal that high subsidence velocity gradients occur
over sharp transitional zones between stable and fast-subsiding areas, reaching values of 1 x 103
year~1, resulting in slope changes up to 3.5% over a 20-year period and differential displacements
between columns. Our findings suggest locations where the consequences of subsidence have
compromised the train’s braking safety design, increased railway flooding hazard, produced railway
bending, and reduced the conceived 50-year service life of the Metro’s elevated overpasses.

Mexico City’s Metro system transports more than 4 million passengers per day'; hence, any impact on the system’s
performance has serious transit-time and financial consequences to its passengers” and, ultimately, to the whole
city’s productivity. Land subsidence in Mexico City is one of the fastest in the world®, reaching up to 500 mm/
year?, and occurring mainly as the response to the aggressive groundwater extraction over the past century from
the highly-heterogeneous compressible stratigraphic sequence beneath the city>®. Highest subsidence rates occur
within the former lake area’ (Fig. 1a, 1b) in correlation with the thickness of the uppermost clay-rich lithological
unit*®, whereas non-subsiding areas correspond to volcanic mountains around and within the lacustrine zone
(Figs. 1a, 2c). The subsidence occurs deferentially, particularly along transitional zones between stable volcanic
rocks (hill zone; green area in Fig. 2¢) and highly compressible sediments (lake zone, blue area in Fig. 2c)°.
Notably, differential subsidence has compromised some of the Metro’s structural components, which has led to
the system malfunctioning (see listing of subsidence-related malfunctioning in Supplementary Table S1 online,
Supplementary Text S1 online).

Locating subsidence-related problems in the Metro’s infrastructure is a challenging task because they vary
according to the railway’s engineering design: street-level, elevated, or underground (Fig. 2b). Openly-available
official reports are scarce and provide limited details on damage occurrence and location”!%; media reports pro-
vide additional information on such aspects (Supplementary Text S1 online, Supplementary Table S1 online).
Reports indicate widespread damage throughout the system, but with increased occurrence along LA, LB,
L4, L5S1, and L12, which correspond to surface segments (street-level and elevated) (Fig. 2a, ¢). Damage evi-
dence includes cracks, faults, and structural collapses over a variety of supporting structures, as well as railway
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Figure 1. Perspective view of the Mexico City basin overlain a GoogleEarth image. (a) The blue polygon marks
the location of the former lake area according to the geotechnical lake zone’. Yellow labels indicate locations
mentioned in the text and white labels name topographic highs for reference. (b) An 88-day COSMO-SkyMed
interferogram showing phase changes indicative of land subsidence. Each cycle from -7 to 7 represents 15.5 mm
of displacement in the satellite’s line of sight. The white contour marks the boundary of the lake zone. Notice that
subsidence occurs mostly within the lake zone. Maps created using Google Earth Pro 7.3 (https://www.google.
com/intl/en/earth). Satellite imagery credits: Landsat/Copernicus.
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Figure 2. SAR datasets used in this study, railway engineering designs used by the Metro and locations of
subsidence-related damage reports. (a) SRTM elevation map overlayed by the footprints of the five SAR datasets
described in the Results section. Red, blue and green polygons correspond to the three X-band datasets,

here named TSX, COSMO1I, and COSMO?2, whereas the solid black polygon corresponds to the two C-band
datasets from Sentinel in both Ascending and Descending orbits. Insert shows the location of Mexico City.

Solid black lines indicate the Metro’s surface segments and the dashed black frame indicates the coverage of (c).
Pink triangles mark local topographic highs. (b) Illustration of street-level, elevated, and underground Metro
line designs used in Mexico City. (¢) Damaged segments and stations of the Metro system (as described in
Supplementary Table S1 online) overlaying the city’s official geotechnical zoning’. White arrows indicate clusters
of localized street-flood and railway-flood reports along LA associated with train shutdowns””® (Supplementary
Text S1). (d) Differential subsidence at Acatitla Station (location in (c)), as indicated by the tilted road traffic
barriers (marked by two red lines). ArcMap 10.2 (https://www.esri.com/software/arcgis) was used to produce
the maps, which show elevation and shaded relief from SRTM data (https://earthexplorer.usgs.gov).
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deformation and topographic slope changes (e.g. Fig. 2d). Such damage has led to recurrent flooding along sur-
face railways as well as neighbouring streets after heavy rains, and malfunctions including reduced train speed,
performance decline, service interruptions, and accidents.

An accident in particular, which resulted in more than 20 casualties, raised concerns about the current state
of the Metro system’s infrastructure, even though a potential contribution of subsidence-related damage to the
accident’s occurrence has not yet been clearly established. On May 3rd, 2021, an overpass located close to Olivos
station collapsed onto the road as a train was travelling over it''? (see location in Fig. 2c). Post-collapse analyses
detected design and construction deficiencies that contributed to the collapse and suggested that differential
displacements between the columns supporting the overpass could have also been a contributing factor!*!.
Post-collapse inspections of elevated and underground structures and railways along L12 revealed structural
damage that led to major spending on repairs in various sectors of the system'"'*>. However, the lack of geodetic
instrumentation for permanently monitoring displacements and the scarcity of pre-collapse levelling surveys
along the structure impeded determining quantitatively whether or not subsidence could be linked to the occur-
rence of the accident™>'.

Mexico City subsidence has been studied using traditional (i.e. levelling) and advanced geodetic techniques
such as satellite Interferometric SAR (InSAR) and GPS (e.g.*%#1%17), which detected highest subsidence rates
eastward from Pefion de los Bafios and in Chalco (locations in Fig. 2a). GPS and InSAR time series analyses®'®!7,
as well as the systematic comparison of InSAR velocity maps*, revealed high linearity, no significant annual vari-
ations, and a dominant vertical component of the subsidence process in Mexico City. Post-processing techniques
applied to InSAR velocity maps, such as subsidence gradient®, background value removal'é, angular distortion'”*®
and band-pass filtering" have been used to quantify differential subsidence in Mexico City.

Only two studies, heretofore, have linked InSAR-measured subsidence variations with damage to the Metro’s
L4, LB, and Pantitlan station'®'®. However, those studies have focused on quantifying differential displacements
only over localized areas. Therefore, the need for an in-depth study of the geohazard to the Metro’s infrastructure
has prevailed. Here, we use a wealth of C- and X-band satellite SAR data and multi-temporal InSAR techniques
to calculate subsidence velocities along the Metro system’s infrastructure and quantify differential subsidence. We
then use structural engineering parameters and a compilation of subsidence-related damage reports to determine
segments where deformation is likely to adversely affect the design of the system according to construction codes
and the railway’s intended design. In particular, we apply our approach to analyze the possible contribution of
differential subsidence to the May 3rd, 2021 Olivos viaduct collapse (see location in Fig. 2¢).

Results

In this section, we present the InSAR results we obtain from C- and X-band datasets. Details on the methodol-
ogy selection criteria used to process each dataset are provided in the “Materials and methods” section. Here,
we first describe and compare vertical velocities obtained from InSAR over Mexico City and identify the sectors
where our results differ the most. Because the main objective of this investigation is to assess the geohazard to
the Metro system, we then proceed to inspect and compare calculated vertical velocities and gradients along the
Metro lines. Additionally, we illustrate that unwrapping errors contribute significantly to observed differences
among velocity results.

InSAR results

Our results were based on three X-band datasets processed at full resolution using a Persistent Scatterers (PS)
Interferometry (PSI) technique and two C-band datasets processed using multilooking and the Small Baselines
(SBAS) approach (see “Materials and methods”). The X-band datasets (spatial resolution of 3 m) were acquired
by the TerraSAR-X and COSMO-SkyMed satellites from May 2011 to June 2013. Such X-band datasets were
divided according to sensor’s type, acquisition orbits and named TSX, COSMO1, and COSMO2 (Fig. 2a, Supple-
mentary Fig. S1 online, Supplementary Tables S2 and S3 online). Each X-band dataset was processed to calculate
velocity maps in Line of Sight (LOS) geometry, from which vertical velocities were estimated (Fig. 3a—c). The
C-band datasets (spatial resolution of ~15 m) were acquired by the Sentinel-A and B satellites in ascending and
descending modes from October 2014 to October 2020 (Supplementary Table S3 online). A LOS velocity map
was obtained from each C-band dataset (Fig. 3d, e), to later combine both C-band velocity results and calculate
the vertical component (Fig. 3f). In total, we obtain four vertical velocity maps (Fig. 3a—c, f). Spatial patterns
and rates in our results compare very well with those reported in previous studies**>!’. In all cases, the fastest
subsiding zones are mostly constrained within the outlines of the lake zone and smoothly transition outwards
to stable areas (Fig. 3a—f). However, subsidence velocities differ the most over isolated volcanic areas embed-
ded in deformable lacustrine deposits. For example, the volcanic rocks of Pefién de los Baios and Pefién Viejo
(see location in Figs. 2a, 3¢) are stable areas, as determined by levelling surveys*>?!. The results from TSX and
COSMOL1 analyses indicate that such two areas deform (Fig. 3a, b). In contrast, the results from COSMO2 and
Sentinel-1 datasets (Fig. 3c-f) do display such two areas as stable, in agreement with two other recent studies*”.

INSAR results comparison

In order to compare the four vertical velocity maps we obtained, we calculate the difference of the velocity esti-
mations, or residual velocities, and present them in Fig. 4a—f. We additionally calculate the root-mean-square
error (RMSE) for each map (white labels in Fig. 4a-f). The two C-band LOS velocity estimations in this study
rely on ~10x as many scenes as compared to X-band datasets (see Supplementary Table S3 online, see “Materi-
als and methods”). In general, the greater number of scenes available for the velocity calculation yields smaller
associated uncertainties (see Supplementary Fig. S8 online). The velocity estimations from 6-year-long Sentinel
results we produce yield uncertainties up to one order of magnitude smaller than the results produced by the
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Figure 3. Velocity maps derived from the five datasets used for this study. (a) TSX, (b) COSMO], and (c)
COSMO?2 vertical velocity results. The purple and pink lines mark the geotechnical classification outlines

(Fig. 2¢). The black star in (a) marks the location of the reference point common to all datasets processed in
this study. (d,e) Sentinel-1A, B results from ascending and descending orbits, respectively, in LOS observation
geometry. (f) Sentinel vertical velocities obtained after combining both ascending and descending orbits. Maps
created using Matlab R2015b (https://www.mathworks.com).
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Figure 4. Maps with residual vertical velocities from all datasets and their corresponding RMSE. (a-c) Sentinel
vertical velocities (Fig. 2f) minus TSX, COSMO1, and COSMO2 results (Fig. 2a—c), respectively. (a-c) Include
a black polygon indicating the overlapping area of all datasets and an additional label indicating the RMSE
calculated within such polygon. (d) TSX minus COSMO1, (e) TSX minus COSMO2, (f) COSMO1 minus
COSMO2. In (d-f), the dashed back polygon is the common area between TSX and COSMO1 datasets, and

the grey polygon is the common area between COSMO1 and COSMO2. Pink and purple lines in all frames
correspond to the lake and hills geotechnical zone boundaries shown in Fig. 2c and Supplementary Fig. S2
online. (g,h) Calculated mean (1) and standard deviation (o) of the residuals in (a—f) over Peiién de los Bafios
and Pefion Viejo. Units are mm/year. Maps created using Matlab R2015b (https://www.mathworks.com).

X-band datasets (see Supplementary Fig. S9 online). Thus, we use vertical velocities from Sentinel to compare and
validate the subsidence patterns obtained from the higher-spatial-resolution X-band datasets. The comparison
we perform reveals a wide range of residuals roughly limited by the geotechnical boundaries of the lake zone
and over stable areas embedded in deformable sediments (e.g. Fig. 4b). The residuals map between Sentinel and
COSMOL1 (Fig. 4b) shows the largest residuals of all (RMSE = 43). The residuals between Sentinel and COSMO2
(RMSE = 26) show the largest values in the northeastern and southern portions of the lake area (Fig. 4c). The
residuals map between Sentinel and TSX (Fig. 4a) shows the greatest values in the southern sector, and pro-
duces, apparently, the smallest RMSE among all X-band datasets*>. However, RMSE values calculated within
the area common to all four datasets (black polygon and black labels in Fig. 4a-c show that, when compared to
the Sentinel estimates, TSX and COSMO?2 results provide practically the same RMSE (23 vs 24). The residuals
maps among X-band datasets show that COSMO1 (Fig. 4d, f) produces higher residuals when compared to any
other dataset (RMSE > 34), while the residuals between TSX and COSMO2 results (Fig. 4e) show that they are
very similar to each other (RMSE = 24). Penén de los Bafios and Pefién Viejo are particularly relevant to this
study, and thus, we analyze even further the agreement of our results over those areas by calculating the mean
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and standard deviation of the residuals (Fig. 4g, h). Average residuals range from 28 to 230 mm/year over Pefién
de los Bafios y Penidn Viejo (Fig. 4g, h). Notably, the residuals produced between Sentinel and COSMO?2 results
are the smallest among all at 28 + 24 mm/year and 28 + 11 mm/year over Pené6n de los Bafios and Pefién Viejo,
respectively (Fig. 4g, h).

Vertical velocities and gradients along Metro lines

Mexico City Metro System’s narrow infrastructure features span all over the city and, thus, are subject to a wide
range of subsidence velocities. Therefore, adequate sampling density and spatial coverage of subsidence velocities
are essential. The final sampling in space available from each dataset varies depending on the spatial resolution
of the dataset and the multi-looking used during the implementation of a given InSAR algorithm. In our case,
COSMO1, COSMO2, and TSX results provide denser sampling in space (spaced as closely as 3 m) than Sentinel
results (spaced as closely as 30 m). In terms of coverage, TSX and COSMO1 datasets do have limitations towards
the eastern portion of the city, while COSMO?2 results cover entirely the Metro’s surface segments (compare
Supplementary Fig. S2a, S2b versus S2c online).

We obtain average velocities within 30x10m rectangles along surface metro lines from COSMO1, COSMO2,
and TSX results, assign the nearest value to each rectangle from Sentinel results and present them in Supple-
mentary Fig. S3 online (see “Materials and methods”). Overall, velocities along the Metro’s surface railways vary
between 0 and —300 mm/year and are consistent with all the solutions (Supplementary Fig. S3 online). However,
we observe important differences in TSX and COSMO1 with respect to COSMO2 and Sentinel results. For
example, we identify from Supplementary Fig. S3 online that Sentinel and COSMO?2 velocities increase and/or
decrease consistently along km 4 to 5 of L5S1, km 5.5 to 13 of LA, and km 6 to 14 of L12, while COSMO1 and
TSX solutions show flatter profiles. Such misfit between COSMO1 and TXS with respect to Sentinel results is
consistent with the residuals analysis from our InSAR results comparison.

We calculate velocity gradients from the average velocities for estimating differential displacements along
the Metro lines from COSMO?2 results and compare them against gradients calculated from Sentinel results
(see Supplementary Figs. S3 and S4 online). Velocity gradients calculated from Sentinel and COSMO?2 results
vary mostly in the interval + 0.5 x 1072 year ~' (Supplementary Fig. $4 online). However, gradients calculated
from Sentinel results produce a smoother curve along all metro lines (Supplementary Fig. S3 online). Indeed, a
comparison along all metro lines shows that velocity gradients calculated from Sentinel results tend to produce
gradients values centred around zero, well within + 0.1 x 1073 year ~!, while those calculated from COSMO?2
results spread more widely (Supplementary Fig. S4 online). Such discrepancy can be attributed to the fewer
samples in space available from Sentinel results, which likely aliases subtle changes in the velocity signal, con-
sequently smoothing the velocity gradient estimations.

We determine that COSMO?2 results over Penén de los Bafios and Peiidn Viejo are reliable, in agreement
with Sentinel results, and in contrast to TSX and COSMO1 results. Overall, COSMO1 results produce larger
residuals when compared to any other dataset (Fig. 4b, d). Such larger residuals can be attributed to insufficient
SAR scenes than the typically required for obtaining reliable PSI estimations (15-20 scenes)?. However, larger
residuals over Peno6n de los Bafios and Peiidn Viejo produced by TSX, when compared to Sentinel and COSMO2
results (Fig. 4a, e), can be attributed to unwrapping errors. PSI algorithms perform unwrapping using wrapped
phase values at PS locations after PS selection, which is based on phase stability estimations over time?. However,
fast subsidence rates in the city are likely to produce unwrapping errors when fringe saturation is reached, as
identified by previous works'®?%.

Unwrapping test over Peiidn Viejo

In order to evaluate the impact of available PS samples on unwrapping over high-phase-gradient areas, we com-
pare the wrapped phase values from both TSX and COSMO?2 results at each dataset’s PS locations (Supplementary
Fig. S5 online) and perform 1D unwrapping tests (Supplementary Fig. S6 online). We select Peiién Viejo as a test
area and COSMO?2 interferograms 2012/04/03-2012/05/13 (40 days) and 2012/04/03-2012/06/30 (88 days), and
TSX interferograms corresponding to pairs 2012/02/06-2012/03/21 (44 days), 2012/02/06-2012/05/04 (88 days),
and 2012/02/06-2012/10/27 (264 days). We observe higher PS density on the COSMSO2 interferograms around
Pendn Viejo (Supplementary Fig. S5a and S5b online) as compared to TSX results (Supplementary Fig. S5c-e
online). We attribute lower PS density around Peiidén Viejo in the TSX results to the dataset’s longer time span
(2 years versus 6 months of COMOS?2 dataset, see Supplementary Table S3 online), at which phase likely loses
stability over such non-urban areas.

The 1D unwrapping test using COSMO2 wrapped phase reveals a consistent signal buildup from 40 to 88
days (Supplementary Fig. S6a, b online). 1D unwrapping results of TSX 44- and 88-day interferograms should
be very similar to the results of COSMO2 40- and 88-day interferograms. However, 1D unwrapping of TSX
interferograms shows a phase range nearly as half as the results from COSMO?2 (see Supplementary Fig. S6
online). Such unwrapped phase deficit persists in the case of the 264-day interferogram (see Supplementary
Fig. S6e online ). We interpret that lower PS density in the TSX results, particularly around Peiién Viejo, produces
phase aliasing leading to phase-unwrapping errors. In addition to having more phase samples due to its higher
PS density around Pefién Viejo, the COSMO2 dataset has a shorter maximum temporal baseline (96 days, see
Supplementary Table S3 online), which implies fewer wrapped phase cycles to be unwrapped. Consequently,
phase unwrapping errors are less likely to occur in the COSMO2 dataset, producing reliable estimates over Pefiéon
Viejo and Pendn de los Baflos and other areas where high phase gradient is expected (see Fig. 3). TSX results,
as well as COSMO1, could be improved by using higher resolution SAR data, other unwrapping and processing
algorithms®?® or data-fusion techniques?. Such improvements, nevertheless, go beyond the scope of this work.
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Discussion

In this section, we focus on the analysis of the InSAR results to conduct our geohazard assessment. To achieve
this purpose, we first provide a summary of observations collected from the Results section. Additionally, we
address further aspects concerning the reliability of the dataset and processing strategy selected to comprehen-
sively characterize Mexico City’s subsidence, drawing on insights from published research. Subsequently, we
interpret our results and evaluate the geohazard to the Metro system, integrating additional information and
analyses from the literature. By elucidating potential mechanisms underlying the observed subsidence patterns,
we contribute to a comprehensive understanding of the geohazard affecting the metro system.

Validity of INSAR results

In the “Results” section, we presented four InSAR-derived vertical velocity estimates for Mexico City. We found
that the datasets mostly agree among them. The main advantage of the X-band results is the higher sampling in
space available from the datasets’ resolution, which is critical for our study. We also found that the main advantage
of Sentinel results is that they have smaller uncertainties due to the abundance of SAR scenes used to calculate
them over a longer period, which allowed us to use them as a benchmark to evaluate our X-band results. We
observed that two of our X-band results (TSX and COSMOL1) do not depict the stable behaviour of Pefién de los
Bafios and Penén Viejo, which are two important areas for this study. Subsequently, we found that such behav-
iour can be attributed to unwrapping errors due to fringe saturation in the surroundings of such two isolated
stable areas. After the comparison of all datasets, we identify that COSMO?2 results provide the best estimate
for the needs of our study. We list some of the arguments in favour of using COSMO?2 results for our analysis:
(1) COSMO?2 dataset provides high spatial resolution (3m), (2) COSMO?2 results fit well the longer-wavelength
subsidence as compared to Sentinel results, (3) COSMO?2 results capture the stable behaviour of Pefién de los
Bafios and Pendn Viejo, and (4) COSMO2 results provide complete spatial coverage of the Metro’s surface seg-
ments (Supplementary Fig. S2c online). Nevertheless, some questions may arise about whether or not the errors
from comparing COSMO?2 to Sentinel results are acceptable, or about possible nonlinearity, seasonality, or
horizontal displacements affecting COSMO?2 estimations. We clarify those questions in the following paragraphs.

A wealth of published works have evaluated the reliability of InSAR time series to characterize the subsidence
process over Mexico City (see an extensive list in'”). Day-to-day GPS versus Sentinel time series comparisons
revealed an RMSE of 9 mm and a maximum difference in vertical velocities of 9 mm/yr in the 2017-2019
period". Such error values are consistent with those obtained from ENVISAT versus GPS data in the 2004-2006
period, which are as high as 6.9 mm/year in the LOS direction'®. Additionally, the analysis of the longest time
series published to date, which uses roughly 24 years of InSAR data, 115 years of GPS data, and 14 years of lev-
elling shows that the subsidence process has been highly linear since the 1950s*. Such highly-linear behaviour
would produce lower errors for Sentinel estimates over longer time periods. Thus, we consider that the 2014-2020
Sentinel velocity estimates we use for validation are reliable, as we analyze a six-year period and would expect
errors <9 mm/year. Still, we obtain errors <24 mm/year from comparing COSMO2 with Sentinel vertical veloci-
ties. Nonetheless, previous studies using multiple InSAR-derived velocity maps over Mexico City reveal residuals
<30 mm/year in across-algorithm comparisons®®, and <50 mm/year in across-platform comparisons*. Since our
comparison is both across algorithms and across platforms, and after we found Sentinel results to be a reliable
solution, we determine that 24 mm/year represents a low error level, which implies that COSMO?2 results con-
stitute a reliable solution as well.

No significant seasonal displacements are present in Mexico City’s subsidence signal, as previously shown by
GPS*'¢ and the statistical analysis of a 6-year-long Sentinel-1 InSAR time series*. Hence, even though COSMO2
data were acquired over a 6-month period (Supplementary Tables S2 and S3 online), seasonal deformation is not
expected to affect PSI velocity estimations. Even more, the 21 SAR scenes in the COSMO2 dataset are enough
to estimate the atmospheric phase screen in the PSI processing, inasmuch as 15-20 scenes are typically required
to obtain reliable measurements®. Furthermore, the 20 interferograms formed with the COSMO2 dataset (Sup-
plementary Fig. Slc online) provide a reliable lower bound of deformation rate error, which is already as low as ~
0.3 mm/year®. Indeed, estimated velocity uncertainty levels of COSMO?2 results are relatively small (0-5%)*. In
addition, previous works have shown that the displacements due to subsidence in Mexico City are mostly in the
vertical direction®'®'”. Therefore, we consider that the assumptions we make to obtain the vertical component
of velocities in this work do not introduce any considerable error due to non-linearity, seasonality, or horizontal
displacements of the subsidence process. Consequently, in the rest of the manuscript we use COSMO2 results
to evaluate geohazard along the Metro lines.

Geohazard evaluation of the Metro system

InSAR has been successfully applied to monitoring linear infrastructure worldwide (Supplementary Table S4
online). The main targets of such InSAR-bases studies have been elevated railways (e.g.*>*°), surface railways
(e.g.2?173), surface highways (e.g.*”**), and even shallow tunnels (e.g.***). Some studies have focused on ana-
lyzing not only displacement velocities but also seasonal variations over time (e.g.*”*’). Only a few works have
analyzed differential displacements using a post-processing technique, such as radius of curvature®, slope™
and entropy*’, on ~30-m resolution SAR datasets. In this work we have identified the need of using the highest-
possible sampling in space. Accordingly, we here describe our geohazard evaluation based on a 3-m resolution
SAR dataset.

Subsidence velocities and velocity gradients vary greatly along Metro lines (Fig. 5a, b). The overall range of
velocities along the system (0 to 310 mm/year) is significantly higher than those reported along linear infra-
structure worldwide (Supplementary Table S4 online, Supplementary Fig. S7 online). However, velocities alone
are not indicative of potential damage. For instance, L3 and L5S2 show subsidence velocities not greater than
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Figure 5. Distribution of velocities and velocity gradients as per COSMO?2 results along the Metro system’s
lines. (a) Velocities along all surface lines (see locations in Fig. 2¢, velocities in Supplementary Fig. S3 online).
(b) Calculated velocity gradients. Boxes are defined by the 1st and 3rd quartile of each dataset, the horizontal
line within the boxes represents the median, whiskers delimit the 95% confidence interval, and x marks identify
extreme values. (c) Overlain histograms showing velocity gradient’s absolute value distribution of two sectors
of Line A (damaged sectors are indicated by a red patch in Fig. 2C and Supplementary Fig. S3 online). Figures
created using Matlab R2015b (https://www.mathworks.com).
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80 mm/year (Fig. 5a). Still, velocity gradients of such two segments compare in range and magnitude to L8 and
L9, which experience faster and/or a wider range of velocities (compare such two pairs in Fig. 5a, b). Therefore,
significant subsidence velocities do not necessarily imply greater velocity gradients, and vice versa. Consequently,
both subsidence velocities and velocity gradients can be used independently to evaluate different aspects of
potential damage to the Metro infrastructure.

Consequences to the Metro’s infrastructure vary according to the type of exposed structure. For instance, LA,
which is a surface segment running at street level, is likely to experience railway bending, whereas L12, which
is an elevated segment, is likely to experience differential subsidence between columns. Our calculations might
present limitations in comprehensively evaluating the damage to every type of structure, as we could calculate
velocity gradients using a spacing greater or lesser than the 30 m we use (see “Materials and methods”). In fact,
we identify railway bending occurring at distances shorter than 30 m (see Fig. 2d). Still, we consider that our
calculations can present a fair oversight of the system at a broad scale. For instance, we find that velocity gradi-
ent values from segments of LA where damage has been reported present a distinct distribution as compared
to stable sectors of the same line (Fig. 5¢). In the following sections, therefore, we discuss the geohazard of the
Metro system depending on the structure type and its exposure to subsidence and/or differential subsidence.

Geohazard evaluation along street-level railways

Significant damage to the Metro system has occurred in the transition from stable to highly subsiding areas.
Along L5S1 (Fig. 6a, b), COSMO?2 results show that velocities vary from —240 mm/year (distance 4 km) to close
to 0 mm/year in Pefién de los Bafos (distance 4-5 km in Fig. 6b). Survey data from 1981 and 2001 reveal railway-
elevation changes of up to 6 m, where the underlying geology corresponds to compressible sediments (Fig. 6¢)%.
Such elevation changes modified the railway’s slope to 6.4% (Fig. 6d), well beyond the maximum allowable slope
of 3.5% established to ensure the safe operation of the trains’ braking systems®. During the 2015 train collision
at this location (Oceania Station in Fig. 2c), the terrain slope had reached 7%*' (Supplementary Text S1 online).

Increasing flooding hazards along LA recurrently led to trains’ shutdowns (e.g. 2013, 2016, 2018, 2021) (Sup-
plementary Text S1). Flood report locations along LA (f1-f5 in Fig. 2¢) match well with local minima of vertical
velocities (i.e. faster velocities than their surroundings indicated by f1-f5 in Fig. 6a). Our findings are supported
by field surveys from 1987 and 2007 (Fig. 6e)*!, which revealed uneven stratigraphy-dependent topographic
changes and most likely contributed to the occurrence of flooding along LA (f1-f3 in Fig. 6e).

Based on the frequency distribution of velocity gradients along LA, we estimate that damaged sectors occur
when velocity gradients >0.3 x 10~2 year™ . Particularly high gradients occur along LA, as in the northern flank
of Pefién Viejo (>0.45 x 10~ year™!) (Fig. 7a, b). Velocity gradient values become positive or negative depend-
ing on the direction in which they are calculated, but their absolute values represent the differential subsidence’s
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Figure 6. Subsidence along street-level and elevated lines of Mexico City Metro. (a) Vertical velocities along
surface segments extracted from COSMO?2 solution. Black contours represent the thickness of the uppermost
clay-rich lacustrine lithological unit®. Thick white arrows indicate flood-prone areas from Fig. 2c. (b) Vertical
velocities transect along street-level L5S1 from the 3 X-band SAR datasets. Grey shade shows topographic relief
from SRTM (right axis). (c) Geologic section and railway level in 1981 and 2001 along a ~500 m long section
of L5S1%°. Dashed thin vertical lines mark the location of (d). (d) Local measurement of the railway track slope
along L5S1 between 1981 and 2001. (e) Inferred geologic section and railway level in 1987 and 2007 along a
~4km segment of LA*!, where f1-f3 arrows correspond to the flood-prone areas shown in (a). ArcMap 10.2
(https://www.esri.com/software/arcgis) was used to create the map, and Matlab R2015b (https://www.mathw
orks.com/) to create the figures. Satellite imagery credits: INEGI and Maxar Technologies.

Scientific Reports | (2024) 14:6035 | https://doi.org/10.1038/s41598-024-53525-y nature portfolio


https://www.esri.com/software/arcgis
https://www.mathworks.com/
https://www.mathworks.com/

www.nature.com/scientificreports/

; oy ",' N
o g i A
= /i Vel. gradient
. e (X1%3yr'1)
- >0.45
""LSSZ ' — 03045
e 0.15-0.3

<0.15

19.4°

_19.3°

Figure 7. Velocity gradients along street-level railways of the Metro system. (a) Map of the calculated

velocity gradients. The background is an SRTM hillshade map. The black rectangle indicates the extent of

(b). (b) Detailed subsidence changes along LA in the vicinities of Peién Viejo. (¢) Schematic sections (not to
scale) of railway track bending and its shallow geology. Ty and T are initial and final times, before and after
deformation, respectively. (d) A photographic example of railway track deformation in Oceania station, close to
Pefi6n de los Banos (location shown in (a)). ArcMap 10.2 (https://www.esri.com/software/arcgis) was used to
create the maps. Shaded relief from SRTM data (https://earthexplorer.usgs.gov). Satellite imagery credits: INEGI
and Maxar Technologies.

magnitude and serve as a pathfinder for damage correlation. The velocity gradients” absolute values of both the
stable and damaged sections of Line A (Fig. 5¢) have modal classes close to zero; however, the damaged sector
has an increased occurrence of values greater than 0.3 x 1073 year™!, clearly above the stable area’s gradients. We,
thus, estimate that the velocity gradient threshold for problematic railway bending is 0.3 x 107> year™!. Using
this value as a damage-associated threshold for railway bending, we calculate that almost 6% of the street-level
railway tracks of the entire Metro system are subjected to bending-induced damage.

Geohazard evaluation along elevated viaducts

Here, we use velocity gradients to evaluate elevated segments of the metro lines (Fig. 8a, b). Differential sub-
sidence between columns of elevated viaducts**** (Fig. 8c-e) compromises the stability of connecting slabs*.
Differential subsidence between columns is typically evaluated with a parameter known as angular distortion®’,
also referred to as slope®, which is the ratio of the differential settlement between adjacent columns (8) and the
distance between columns (£) (Fig. 8c). Distance between columns can be computed from the exact locations
of every column in the metro system, which are not available to us. Still, we consider that the velocity gradients
calculations in this work represent a smooth estimate of the angular distortion per year, assuming that the sub-
sidence rates are constant over time, and that column spacing of 30 m reported along Line 12'**” and measured
from satellite imagery is consistent throughout the system.

In structural engineering analysis, service limit states (SLS) values indicate conditions at which structures
become unsuitable for their intended use and require rehabilitation or repairs*. In the lake area of Mexico
City, the official SLS value for angular distortion is 0.004”. Thus, we can calculate the time in which the SLS is
reached-the SLS period-at each segment by dividing the official SLS value for angular distortion (0.004) by the
corresponding velocity gradient value. According to the Metros design and development plans, SLS values should
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Figure 8. Velocity gradients along elevated viaducts of the Metro system. (a) Map of the calculated velocity
gradients. The white frame indicates the extent of (b). (b) Zoom in to the location of the Olivos accident, as
marked with a red star. Line segments are colour-coded according to the symbology in (a). (c) Schematic
representation (not to scale) of differential settlement between columns, where é=differential settlement and £
=distance between columns. T and T are before- and after-deformation times, respectively. (d) Schematic
representation of the initial and final state of the deformation observed in (e). (e) Example of differential
settlement between columns close to Peiion de los Bafos (location shown in (a)). (f) Schematic representation
of the structural design used in the overpass that collapsed during the Olivos accident, which occurred on
May 3rd, 2021 (location indicated in (b)). Foundation design and dimensions were obtained according to!*!4,
ArcMap 10.2 (https://www.esri.com/software/arcgis) was used to create the maps. Shaded relief from SRTM data
(https://earthexplorer.usgs.gov). Satellite imagery credits: INEGI and Maxar Technologies.

be not reached in periods shorter than 50 years*. However, we find that nearly 46% of the elevated segments
experience velocity gradients >0.08 x 1073 year™! (Fig. 8a), which implies the need for serviceability before a
50-year period. Even though information on whether or not maintenance or rehabilitation has been performed
on any given segment is not available to us, we are able to provide a proxy on locations most likely to have reached
allowable angular distortion values. Several sectors along L4 with velocity gradient values >0.15 x 1073 year~',

for instance, could have already reached the SLS since the lin€’s inauguration in 1982,

Differential displacements and the Olivos accident

On May 3rd, 2021, an overpass located approximately 200 m to the west of Olivos station along line 12 collapsed
onto the road as a train was travelling over it'"'? (see location in Figs. 2¢, 8b). Much controversy has been gen-
erated when trying to determine the causes of the collapse®. Root cause analyses on the incident'>!* indicated
that the collapse occurred due to distortion and eventual fatigue of the overpass’ central transversal frame. Field
evidence collected after the incident revealed important design and construction deficiencies in concrete and steel
elements'>'. However, differential displacements between the columns supporting the collapsed overpass remain
unquantified and unaccounted for in official evaluations, mainly due to the lack of permanent instrumentation
measuring displacements and scarcity of pre-collapse levelling surveys in the area'*!*. Here, we provide evidence
suggesting that angular distortion might have been an additional contributing factor.

Forensic reports indicate that the collapsed overpass was supported by two columns, so-called columns 13
and 12 (Fig. 8f), located in a transition zone'*'*. Even though the horizontal distance separating both columns
is only 30 m, each column was built using a different foundation design'*'%. Column 13 was built using a “deep”
foundation composed of eight concrete piles reaching a depth of 10.8 m, whereas column 12 was supported by a
“shallow” concrete footing reaching only 6.5 m deep (Fig. 8f)'>!. Post-collapse evaluations found no evidence of
displacements between the columns’ foundations and the surrounding ground, and qualified both used founda-
tion designs as adequate'>'*.

Here, we observe a velocity gradient value of 0.37 x 1073 year™! at the location of the May 3rd, 2021 Olivos
accident (Fig. 8b). Such velocity gradients producing angular distortion since the line’s inauguration in 20124
would imply a shortened service life of the collapsed structure. Indeed, the corresponding SLS period for angular
distortion we calculate in such a segment would be 10.8 years-roughly a fifth of the intended 50-year service
life. Admittedly, the averaging considered in our definition of velocity gradient (Eq. 1) produces a smoothened
indicator of differential displacements, therefore leading to a conservative proxy for angular distortion along the
30 m segments we evaluate. Consequently, in-situ displacement measurements from field surveys at columns 12
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and 13, as well as considerations for the exact distance separating columns, could provide even larger angular
distortion values and shorter SLS periods.

Reaching an SLS, by itself, implies the need for repairs but does not necessarily imply that the structural
stability of a well-designed well-constructed structure is compromised*!. However, the collapsed structure was
reportedly designed and constructed with plenty of deficiencies, including the use of poor-quality materials, the
use of fewer reinforcement bolts, and incorrect welding techniques!*!“, Under such conditions, angular distortion
could have produced stress and strain on the structure’s elements, potentially affecting the materials’ properties
and geometry for years. Repairs performed as early as January 2017, as well as inspections in December 2019,
already revealed deformation in the overpass steel and concrete elements'>'. Clearly, an analysis incorporating
the angular distortion values we quantify could improve the understanding of the structure’s conditions before
and during the collapse.

Geotechnical evaluations following the collapse considered that variations in the underground’s geological
composition and distribution did not influence the occurrence of the overpass collapse'*'%. However, we present
an analysis linking the occurrence of significant differential displacements and abrupt variation of the geological
conditions over the transition area around Sierra de Santa Catarina, where the May 3rd, 2021 Olivos viaduct
collapse took place. Displacements around Sierra de Santa Catarina have been quantified to be significant in
the vertical direction®®!”!?, and limited in space and magnitude in the horizontal direction’. In particular,
Solano-Rojas et al.'” developed an approach to uncover hidden differential vertical displacement signals by
obtaining three velocity components of long, intermediate, and short wavelengths using band-pass filtering on
a high-resolution InSAR vertical velocity map. The intermediate-wavelength component approach has already
revealed differential displacements in pedestrian overpasses of Pantitlan station and in columns of elevated lines
4 and B (locations in Fig. 2c). We apply such an approach to the COSMO?2 vertical velocities over the Sierra de
Santa Catarina area (Fig. 9a) (see “Materials and methods”) and present the map of the intermediate-wavelength
component (Fig. 9b). We also present a reinterpreted geological section along L12*7°° (Fig. 9¢) and its corre-
sponding vertical velocities and long-wavelength component (Fig. 9d), as well as the intermediate-wavelength
component (Fig. 9e).

The intermediate-wavelength component isolates differential displacements relevant to geotechnical and
infrastructure monitoring'. Such component contains most of the misfit between the original velocity and the
long-wavelength component (compare Fig. 9d, e) in what resembles a signal centred around zero with a varying
amplitude over space, roughly within +15 mm/year (Fig. 9b). Although stable areas corresponding to both Cerro
de la Estrella and Sierra de Santa Catarina are surrounded by deforming areas, the intermediate-wavelength com-
ponent shows signals only around Sierra de Santa Catarina (compare Fig. 9a, b). The geological section (Fig. 9¢c)
shows a smooth geometry of the basal volcanic rocks westwards, towards Calle 11, compared to the complex
geometry eastwards, towards Zapotitlan. The vertical velocities and their long-wavelength component mimic the
general shape of the interface between volcanic and sedimentary rocks (Fig. 9d). The intermediate-wavelength
component, however, shows a continuum behaviour towards Calle 11, but a more erratic behaviour and greater
dispersion towards Zapotitlan (compare km 0-3.5 vs 3.5-7 in Fig. 9¢). The intermediate-wavelength component,
thus, seems to be determined by the compositional changes of the underground sedimentary deposits towards
Calle 11 (i.e. Cerro de la Estrella), and by the basement’s geometry and the sediment layers’ thickness towards
Zapotitlan (i.e. Sierra de Santa Catarina).

At the location where the Olivos collapse took place, the intermediate-wavelength component seems to
indicate velocities around 0 mm/yr (see red vertical line in Fig. 9¢). However, such velocities result from a
change in the signal’s polarity (from positive to negative or vice versa) over a short distance, in what we term a
zero-crossing. Such zero-crossing is consistent with the existence of considerable velocity gradient values at the
collapse’s location. Zero-crossings also indicate other significant differential displacements'® and coincide with
the location of cracks and faults mapped by the government®! (Fig. 9b). Zero-crossings along the Calle 11 and
Zapotitlan transect, indicated by black vertical lines (Fig. 9c—e), have already been identified as potentially haz-
ardous to infrastructure'. After the September 2017 earthquakes that affected Mexico City, important structural
damage was reported in two columns of L12’s elevated bridges (indicated as d1°? and d2** in Fig. 9a, c), as well
as in one connecting slab (d3*? in Fig. 9a, c). All three reported features match the location of zero-crossings
of the intermediate-wavelength component (black stars in Fig. 9b and black vertical lines in Fig. e, see labels
in Fig. 9¢). The detected hazardous condition in columns and connecting slab were derived from the COSMO2
dataset, which was acquired from 12/2011 to 06/2012, prior to the 2017 earthquake, and, therefore, free of co-
seismic signals. We infer that the long-term effect of the differential displacements acting on the columns and
slab at locations d1-d3 may have compromised their structural integrity, therefore exacerbating the effects of the
strong motion induced by the September 2017 earthquakes. Admittedly, further verification and refinement of
our city-wide assessment require ground-based observations, such as levelling surveys, geotechnical parameters
obtained from laboratory tests, and geophysical surveys, as well as details on repairs and post-collapse improve-
ments to structures, which are not available to us.

Conclusions

Differential subsidence in Mexico City damages a significant length of the Metro railway tracks and is ultimately
expressed as structural collapses, faults, cracks, track deformation, and slope changes, resulting in trains’ speed
reduction and substandard performance, accidents, service interruptions, and loss of human life. Differential
subsidence along the Metro system occurs because its tracks and related infrastructure spread over Mexico City’s
largely heterogeneous geological setting, a portion of which undergoes fast differential land subsidence. Moreover,
differential subsidence produces larger damage in the transition areas between stable volcanic rocks and rapidly
subsiding surfaces. The powerful remote sensing approach we used to evaluate differential subsidence exploits
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Figure 9. Subsidence and geotechnical context of the elevated segment of L12 across Sierra de Santa Catarina
(modified from Fig. 4 in'®). (a) Map of COSMO?2 vertical velocities (extents indicated in Fig. 2¢). The red

star marks the location of the Olivos accident and the black stars mark the location of reported damage that
occurred after the 2017 earthquakes in columns (d1°%, d2°%) and a connecting slab (d3) of the elevated viaduct.
(b) Intermediate wavelength component of the velocity map shown in (a), calculated according to', overlaid by
the traces of subsidence-related cracks/faults from®'. Notice that the reported cracks/faults occur mainly along
zero-crossings of the intermediate-wavelength component. The brown polyline in (a,b) indicates a transect from
Calle 11 to Zapotitlan stations along L12 and is used for generating (c-e). (c) Geological section reinterpreted
from*”*°. (d) Velocity profile extracted from (a) and its corresponding long-wavelength component calculated
according to'’. (e) Intermediate-wavelength component velocities extracted from (b). In (c-e), vertical lines
indicate the zero-crossings of the intermediate-wavelength component (e), where faulting occurs commonly, as
reported in'.

space-based, high-resolution, synoptic-coverage geodetic measurements for a large-scale system evaluation and
serves as a guidance aid for planning and conducting detailed, ground-based analysis. It will be beneficial to
combine our methodology with ground-truth data and up-to-date high-resolution SAR data to plan maintenance
and future line developments of the Metro infrastructure, given the Metro’s critical role for the mass transport
in the city'®. Still, a more detailed analysis should not consider as absolute the numerical values we present to
evaluate railway bending potential or angular distortion but should incorporate ground truth data to determine
thresholds more accurately in order to assert specific structural elements analysis and determine their tolerable
deformation. Our analysis provides key information that can be incorporated in the root cause analysis of the
Olivos accident, as well as in the evaluation of other vulnerable line segments. Furthermore, our analysis can
provide insights into the future development of the Metro lines, such as LAs 13-km expansion intended to reach
Chalco’, considering that Chalco is subjected to very high subsidence rates (>350 mm/year) in proximity to the
stable volcanic rock outcrops of Sierra de Santa Catarina (locations indicated in Fig. 2a). Finally, we recommend
similar geohazard evaluations along other infrastructures features in Mexico City and other highly subsiding
areas worldwide, particularly for Tehran’s metro system, where subsidence rates surpass 250 mm/year’ (Sup-
plementary Fig. S7 online).
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Materials and methods

Experimental design

In this study, we focus, first, on calculating displacements over Mexico City based on a wealth of satellite-acquired
data and advanced InSAR techniques. Second, we focus on quantifying the displacements that affect the struc-
tures of the Metro system, for which we calculate average vertical velocities along the system. We then aim to
quantify differential displacements along the Metro system, for which we calculate velocity gradients. We finally
focus on obtaining a detailed scenario of the differential displacements around Sierra de Santa Catarina, where
the May 3rd, 2021 Olivos viaduct collapse occurred, for which we use a band-pass filtering approach. In the fol-
lowing paragraphs, we provide details on the data we use and the calculations we perform.

SAR data

Our study relies on 608 Synthetic Aperture Radar (SAR) scenes, which are divided into five datasets acquired by
three satellite missions. Three of such datasets correspond to high-spatial-resolution (~3 m pixel size) X-band
scenes acquired between 2011 and 2013 and over time windows of 4 and 6 months, and 2 years, whereas the two
other datasets correspond to C-band scenes acquired from 2014 to 2020 with a lower spatial resolution (~15
m). We exploit both the high spatial resolution of the X-band datasets and the long-term velocity estimates of
the C-band datasets.

One of the X-band datasets was acquired by the German TerraSAR-X satellite, while the other two were
acquired by the Italian COSMO-SkyMed satellite constellation (Supplementary Table S2 online). The TerraSAR-X
dataset, which we name TSX, consists of 34 scenes acquired along a single swath between May 2011 and June 2013
(Supplementary Table S3 online). The two COSMO-SkyMed datasets, which we name COSMO1 and COSMO2,
were acquired along two nearby swaths with slightly different incident angles. COSMO1 consists of 15 scenes
acquired from June 2011 to September 2011 and COSMO2 consists of 21 scenes acquired from December 2011
to June 2012 (Supplementary Table S3 online). In terms of covered area, COSMO1 and COSMO?2 scenes cover
60% more area than TSX scenes (Fig. 2a). However, in terms of temporal coverage, the TSX dataset spans over
~2 years, whereas COSMO1 and COSMO?2 span over ~4 and ~6 months respectively (Supplementary Table S3
online).

The two C-band datasets amount to 538 SAR scenes acquired by the Sentinel-1A and B satellites from October
2014 to October 2020, from which 297 scenes correspond to track 143 in descending orbit and 241 scenes to
track 78 in ascending orbit. Both C-band datasets have overlapping coverage over time and space, which allows
us to observe the displacement velocities in the study area from two different radar geometries over the 6-year
time windows.

Overview of INSAR time series techniques

A variety of InSAR time series techniques have been developed in recent decades, and their capabilities have been
systematically compared in several studies(e.g.!>**-’). The mentioned studies have conducted across-algorithm
and across-dataset comparisons, and have determined that most time series InSAR techniques provide, generally,
consistent results. However, such studies have also determined that no single technique has been found adequate
for all situations. Here we provide a brief overview of the three main groups of existing time series, according to
the characteristics of the scatters on the ground they exploit.

The first group of techniques exploits the scatterers with stable phase characteristics over time, which usually
correspond to man-made features, and for which the trademarked Permanent Scatterers Interferometry tech-
nique was first developed®®. An alternative to such a technique was later presented, which has the advantage of
providing an openly available processing code, called the Stanford Method for Persistent Scatterers (StaMPS)*.
The main advantage of PS techniques is that SAR scenes can be processed at full resolution, and the main setback
is that the single-reference approach followed by this technique may lead to decorrelation due to temporal and
geometrical baselines, which may limit the spatial sampling over non-urban areas?*>%%.

The second group of techniques exploits the so-called Distributed Scatterers (DS), which are identified as
neighbouring pixels with similar behaviour. The pioneering technique exploiting DS avoided decorrelation by
implementing a multi-reference approach and forming interferograms with short baselines®’. The main advan-
tage of using a short baselines approach is the decreased decorrelation, especially for datasets acquired over
long time periods. An additional advantage is that using short temporal baselines avoids dealing with fringe
saturation due to signals varying greatly over short distances. The main disadvantage of an SBAS approach is
the reduced spatial resolution of the dataset due to its required multi-looking and the potential bias in the veloc-
ity estimations®. The Miami INsar Time-series software in Python (MintPy)®* is an openly available code for
processing such an approach.

The third group of techniques considers a joint use of PS and DS based on a statistical treatment of their
characteristics. Squeesar is the pioneering but proprietary algorithm for this group of techniques®. The openly-
available alternative code is the very recently released MIAmi Phase Linking software in Python (MiaplPy)*.
While this group of techniques has been demonstrated to provide better accuracy, their implementation implies
a considerable increase in computational resources, which is an important aspect to consider in the big SAR
data era (e.g.®"). This group of techniques provides a very high density of spatial samples, which represents a
critical advantage over non-urban areas. However, the application of these techniques falls beyond the scope of
our study on the urban area of Mexico City.

INSAR time series processing
We process the three X-band datasets using a PSI approach, as it focuses on stable-phase targets smaller than
the SAR resolution cell and allows the processing of SAR data at full resolution, therefore maximizing the
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spatial sampling of the resulting velocity maps. The PSI algorithm typically calculates interferograms using a
single-master approach, which is suitable for the short time span of the three X-band datasets but might lead
to important fringe saturation in the 6-year acquisition period of the C-band datasets. The revisit time of
the C-band dataset, however, is of up to 6 days, which allows the formation of interferograms with very short
temporal baselines to prevent fringe saturation. Consequently, we choose to process the C-band datasets with a
multi-master interferogram network using an SBAS approach®.

We used a two-step procedure for producing the X-band InSAR velocity maps. In the first step, we generated
interferograms using the Delft object-oriented radar interferometric software (Doris)®. The interferograms were
produced using a single-master approach, and the topographic phase was corrected using a 30 m SRTM DEM*®.
We selected the master scene for each dataset aiming to minimize perpendicular and temporal baselines (Sup-
plementary Fig. S1A-C online, Supplementary Table S3 online). In the second step, we calculated the Line-of-
Sight (LOS) displacement velocities based on the PSI approach® using StaMPS?*, which is one of the most used
algorithms for InSAR time series analysis®®. The mean PS densities obtained were 4827, 3078, and 3879 PS/km?
for TSX, COSMO1, and COSMO2 datasets, respectively (Supplementary Table S3 online).

Previous research using InSAR and GPS indicates that displacements in the city are predominantly vertical'>%’;
thus, we assume that the LOS velocities we obtain mainly result from vertical displacements. Therefore, for each
velocity map, we projected the LOS velocities using the following expression V.=V os/cos(i), where V. is
the vertical velocity, V1 os is the LOS velocity, and i is the mean incidence angle of each dataset (Supplementary
Table S3 online). The calculated vertical velocities are presented in Fig. 3a—c.

We processed the C-band datasets in two steps. First, we use the InSAR Scientific Computing Environment
(ISCE)®*%) using a three-neighbor design to obtain a fully-connected network of interferograms (Supplementary
Fig. S1D, S1E online). We multilooked the SAR images to get a pixel size of ~30 m, and perform a correction for
topographic phase using a 30 m SRTM DEM®. Second, we use the SBAS approach® implemented in the Miami
INsar Time-series software in PYthon (MintPy)® to calculate the LOS displacement from both datasets. The
calculated velocity maps are presented in Supplementary Fig. S3D, S3E online. We determine the displacement
in the vertical direction” by combining both ascending and descending LOS velocity maps, as implemented
in MintPy, given that two different observation geometries are available. The calculated vertical velocities are
presented in Fig. 3f.

Velocity gradient calculation
Based on the COSMO?2 velocity map (Fig. 3¢), we calculated directional velocity gradients to evaluate differential
subsidence along the surface Metro lines. We excluded underground segments because no information on the
depth and trace of such segments is available. The concept of directional gradients considers changes along a
given direction over a surface; thus, we use this approach to identify areas subjected to differential subsidence
along the Metro lines running at the surface level, potentially leading to damage and malfunctioning. Addition-
ally, we use the directional velocity gradient calculations to evaluate damage-prone areas due to differential sub-
sidence along the surface railways considering the constructive design of both street-level and elevated segments.
Velocity gradient calculations directly from PS could misrepresent differential displacements at specific loca-
tions due to variable PS density (typically spaced every 3-15 m) and measurement noise. Therefore, we discretize
the surface lines, assign an average subsidence velocity value per discretized segment, and then calculate their
gradients. Our procedure includes the following steps:

(i) Metro lines discretization. We identify the segments of the Metro running on the surface (elevated and
street-level segments) by using online-available digitized traces of the Metro system’s network’" and high-
resolution DigitalGlobe imagery. Technical reports'® and satellite imagery show that columns supporting
elevated viaducts are spaced every 30 m. Therefore, we select such distance to discretize all metro lines.

(ii) Average subsidence velocities calculation along the Metro lines. We calculate and assign an average
velocity for each discretized segment considering the PS within a 30 m by 10 m rectangle because 10 m
is the average railroad width in the system as measured from orthorectified DigitalGlobe images. The
average subsidence velocity is obtained from every PS within the discretized segment’s rectangle. In
rectangles where data density is insufficient, we apply linear interpolation using the neighbouring seg-
ments’ velocities.

(iif)  Velocity gradients calculation. We calculate the gradients for every segment using the following relation:

1/ vioi—v; Vi — Vi
Si _ 7( i—1 i + i i+1 ) (1)
2\ |xic1 — x| 1% — xiqa]
Where §; is the average velocity gradient at the i-th segment, v;_1, v; and v, are the velocities at the i-1, 7, and

the i+1 segments, and x;_, x;, x;1] are the distances from one of the endpoints of the Metro line to the centre
of the i-1, i, and the i+1 segments.

Band-pass filtering

We follow the band-pass filtering approach implemented by' on the COSMO?2 vertical velocity map over Sierra
de Santa Catarina (Fig. 9a, extents indicated in Fig. 2c) to obtain components of long (>478 m), intermediate
(42-478 m), and short (<42 m) wavelengths. A complete description of the implementation of the method can be
found in'® and its Supplementary information. The filtering approach can be summarized as follows: (1) 2D Fast
Fourier Transform (FFT) calculation of an InSAR vertical velocity map, (2) power spectrum analysis and low-spa-
tial-frequency threshold (D) determination, (3) signal analysis in the spatial domain and high-spatial-frequency
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threshold (D,) determination, (4) filter design and filtering in the spatial-frequency domain, and (5) retrieval of
the signal components in the spatial domain by using inverse Fourier transform (IFFT).

We use the COSMO?2 vertical velocity map as input. We obtain and centre its 2D Fourier transform F(u, v),
and calculate its distance function D(u, v), where uand v are the spatial frequencies in the longitude and latitude
directions’. Solano-Rojas et al. already determined D, and D, thresholds for the study area to be D; = 478 m
= 2.095 x 10 ~3 cycles/m and D,= 42 m= 23.809 x 1073 cycles/m'. Therefore, we use such thresholds and the
distance function D(u, v) to design second-order band-pass Butterworth filters Hy, Hp, H3'*:

Hi(u,v) =1/(1 + [D(u,v)/D1]*) )
Hy(u,v) =1 — (1/(1 + [D(4,v)/D>21")) 3)
H3(u,v) =(1 — Hyp) * (1 — Hp) 4)

We then obtain the frequencies’ bands G, Gz and Gs using H}, Ha, H3 and F(u, v) according to the Eq. 57%
G(u,v) = H(u, v)F(u,v) (5)

Finally, we calculate the 2D IFFT of G, G, and G3 to obtain the components of long, intermediate, and short
wavelengths. We present a map of the intermediate-wavelength component in Fig. 9b.

Data availability

SAR data were provided by the German Space Agency (DLR), the Italian Space Agency (ASI), and the European
Space Agency (ESA). Code for the velocity gradient analysis is available from the authors upon direct request
to Dario Solano-Rojas.
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